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Abstract
Since the dawn of the space era scientists have been interested in understanding structures
and dynamics of planetary magnetospheres that arise due to interaction between the ubiquitous
stream of charged particles emanating from the Sun and intrinsic planetary magnetic ﬁelds.
Magnetospheres of varying sizes and properties have been detected by interplanetary missions
at multiple bodies in the Solar system.
In the past few years eﬀorts to investigate Mercury's magnetosphere received a large boost
due to availability of data from the MESSENGER mission (now defunct) with hundreds of new
papers published, some of which [1] [4] [2] [11] reveal important insights about its properties
and dynamics. The focus of the present work is to utilize the vast body of MESSENGER
magnetometer measurements over 2011-2014 in order to establish distinct states of the planet's
magnetosphere using a 1-dimensional Kohonen neural network as well as other algorithms. We
examine the properties of the resulting clusters and identify the reasonable physical explanations
behind their diﬀerences.
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1 Introduction
Many planets in the Solar system are sources of relatively strong magnetic ﬁelds. As the quasi-
neutral highly ionized plasma stream (called the solar wind) emanating from the Sun rams into
planetary magnetic ﬁelds at supersonic velocities, complicated and interesting structures called
magnetospheres are generated. Analyzing planetary magnetospheres and predicting magnetic
ﬁeld values in desired coordinates at given times is hard, as magnetospheres are highly non-
linear and are inﬂuenced by many interacting current systems. Still, this is an important task
as it allows to calculate radiation risks for future robotic an piloted space missions.
∗This study has been performed at the expense of the grant of Russian Science Foundation (project no.
15-11-30014)
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The presented work is aimed to develop a better understanding of Mercury's magneto-
sphere. Before 2011 this planet was subject to several ﬂybys by Mariner-10 and MESSENGER
spacecraft; thus our understanding of Mercury's magnetosphere was limited. Since then, the
MESSENGER mission has collected a 4-year volume of data which has already helped to reveal
many important facts regarding Mercury's magnetosphere.
The instrument onboard MESSENGER relevant to this work was the high-frequency mag-
netometer MAG that could perform at frequencies of up to 20Hz. Its results were then compiled
into 1,5,10, and 60-second averages and made available at NASA PPI website.
The goal of this work is to employ unsupervised learning algorithms, including Kohonen self-
organizing maps, to analyze data collected by MESSENGER during multiple magnetosphere
crossings and to generate clusters of similar magnetospheric conditions judging by MAG mea-
surements. We choose 1D Kohonen maps in order to avoid undesirable map deformation and
generation of phantom clusters due to abundance of data and/or neurons in a given region [5].
We choose to apply unsupervised learning algorithms to our data set also because some of
the most important properties of Mercury'magnetosphere are still debated, and such a data-ﬁrst
approach allows us to maintain neutrality toward the competing models.
2 Data Processing
The data bank provided by the mission team at NASA PPI has a number of artifacts that need
to be taken care of in order to make further processing possible. First, we need to generate
entries for missing data points and to set their values to NaN so that at a later stage we
can eﬃciently drop invalid magnetosphere crossings containing these gaps. Second, we need
to remove data points in the array corresponding to intervals when artiﬁcial magnetic signal
was applied to MAG for calibration purposes. These intervals are described in the appropriate
document [3].
From the array of over 4000 magnetosphere crossings available we need to select the segments
that correspond to crossings in the dusk-dawn direction. The idea is that while a magnetosphere
is sunward-oriented object generated as the solar wind ﬂows past its host planet, the orientation
of a spacecraft's orbit plane is ﬁxed unless an orbital correction maneuver is undertaken, so as
Mercury travels around the Sun MESSENGER's orbital plane is exposed to it under varying
directions. We also eliminate the contribution of the planetary dipole by subtracting it from
the magnetic ﬁeld component vectors as it is the dominating ﬁeld in the region beneath the
magnetopause but also is relatively unimportant to us due to the fact that the dipole axis is
well aligned to the planet's axis of rotation. The ﬁnal list of magnetosphere crossings in this
work consists of 542 events.
Mercury's magnetosphere is subject to varying external conditions in the interplanetary
medium, and analyzing its response to changes in the environment is a highly appealing objec-
tive. However, since the velocity of solar wind is usually in excess of 400km/s, Mercury's radius
is approximately 2440km, and the eﬀective size of the planet's magnetosphere can be considered
to be less than 10RM due to the relatively weak planetary magnetic ﬁeld, any shocks and dis-
continuities in the solar wind will travel past the whole magnetosphere in about a minute's time,
which is signiﬁcantly lower than the duration of a single orbit or even a single magnetosphere
crossing. Due to the relative rarity of these events we can reasonably treat the data segments
we are interested in as local quasi-stationary states of the magnetospheric system. Due to these
same circumstances it is nigh impossible to analyse magnetospheric response to particular dis-
turbances in the solar wind or to track the magnetosphere's evolution as MESSENGER could
only observe either the interplanetary medium or the magnetosphere at any given time, and
Analysis of Mercurys magnetosphere states Parunakian, Eﬁtorov, and Shirokii
500
was ill-equipped to track properties of the solar wind as well. These limitations will probably
be overcome when BepiColombo, the prospective twin-spacecraft mission to Mercury, will be
inserted into orbit in 2024.
In order to identify magnetosphere crossing in each orbit we detect the local periapsis and
extract regions of given size before and after the periapsis passing. As we have been working with
60-second resolution data we deem it suﬃcient to extract 100 data points in either direction.
One other eﬀect that needs to be taken into account is the aberration of magnetosphere by
Mercury's relative motion. Mercury's orbit is highly eccentric, ranging from 0.3AU to 0.4AU,
and while the velocity of impacting solar wind is not particularly aﬀected directly, Mercury's
orbital velocity varies from 40km/sec to 50km/sec depending on its orbital phase. This is a
non-negligible variation as the solar wind velocity in calm conditions rarely exceeds 450km/sec.
As a result, the planet's magnetosphere is not exactly sunward-oriented; rather, its orientation
is slightly aﬀected by the aberration described. To remove this aberration we rotate the whole
dataset around the Z axis in MSO coordinate system approximately 7◦ counter-clockwise. Data
on Mercury's position and orbital velocity was provided by the NASA Jet Propulsion Laboratory
Horizons project [6]. Last but not least, we perform multiplicative scatter correction [7] for each
individual sample in order to eliminate data drifts and trends so that the results of our clustering
mainly reﬂect the magnetic ﬁeld signs and characteristic changes.
3 Discussion
Every sample in the dataset is a vector comprised of three sequentially merged time proﬁles of
Bx, By, and Bz magnetic ﬁeld component measurements along the MESSENGER spacecraft
trajectory in the aberrated MSO coordinate system, centered on the local periapsis point.
The described dataset is then processed with R libraries for k-means [8], k-medoids [9],
hierarichal clustering [8] and Kohonen networks, [10]. The number of clusters is set in the
range from 2 to 8.
Upon expert review of the resulting clusters we have decided to discontinue further usage
of hierarchical clustering as its results were unsatisfactory. This was to be expected as similar
magnetosphere quasi-stationary states are not necessarily sequential in time and are largely
deﬁned by similar solar wind conditions which may theoretically occur at any given time point.
As for k-medoids, their usefulness appears to be limited due to high magnetic ﬁeld proﬁle
variability caused by the spread of various trajectories through the magnetosphere.
Further expert review of the k-means results identiﬁed the 5-way clustering as the optimal
solution, and 7-way SOM clustering was also considered optimal (with 3 out of the 7 clusters
having meaningful population sizes).
We observe with both k-means and Kohonen clusters that there are distinct clusters corre-
sponding to calm and excited magnetosheath conditions, clusters with varying distances to bow
showck and clusters associated with bow shock crossings as observed by the spikes in dB (green
line). Distance to the bow shock is an important parameter of the magnetosphere that allows
us to reconstruct the dynamic pressure of the solar wind, and the rarity of crossings where the
ﬂuctuations of the magnetic ﬁeld in the magnetosheath are comparable with its base magni-
tude allows us to reach the conclusion that the approach to the magnetosheath as a largely
turbulent structure is probably incorrect. The ragged structure of these spikes is in agreement
with the understanding that the due to small-scale variability in solar wind parameters the bow
shock is ﬂapping at velocities much higher than that of MESSENGER, which can experience
multiple crossings in a short time until it is fully submerged into the magnetosheath, as well
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2 541 1
3 537 4 1
4 339 198 4 1
5 339 182 16 4 1
6 339 182 15 4 1 1
7 180 182 159 15 4 1 1
8 180 180 159 15 4 1 2 1
(a) Hierarchical clustering
2 195 347
3 78 263 201
4 78 162 137 165
5 74 127 139 119 83
6 69 127 134 53 83 76
7 24 132 102 85 71 51 77
8 23 132 101 61 51 51 65 58
(b) k-medoids clustering
2 2 540
3 540 1 1
4 252 1 287 2
5 2 1 312 1 226
6 246 1 1 1 1 292
7 1 199 1 1 239 99 2
8 1 1 2 70 38 236 193 1
(c) Kohonen maps
2 541 1
3 1 541 1
4 1 1 241 299
5 1 299 1 1 240
6 299 1 1 1 239 1
7 232 99 207 1 1 1 1
8 1 1 1 1 94 1 217 226
(d) k-means clustering
Table 1: Number of samples in each cluster (columns) obtained by clustering algorithms: hier-
archical clustering, k-medoids, Kohonen neural network, and k-means. Total number of clusters
varies from 2 to 8 (rows).
as with the fact that these crossings are to be expected at varying distances depending on the
interplanetary medium conditions.
4 Summary
We have applied unsupervised learning algorithms to the task of classifying states of Mercury's
magnetosphere crossings by the MESSENGER spacecraft in order to understand its character-
istic states and to use these states to evaluate the accuracy of existing theoretical models.
We observe that the system is capable of distinguishing between various levels of magne-
tosheath activity and bow shock oﬀset, which are important parameters for further ﬁtting of
theoretical model parameters and exploration of magnetospheric current systems response to
interplanetary medium condition change.
We also observe a number of highly populated clusters that display a distinct picture of bow
shock crossings as indicated by spike groups of the ΔB variable on either side of the periapsis.
Sometimes only one of these spike groups is observed when the spacecraft crosses the bow shock
in area where the draping currents are small.
This result is important to our understanding of fundamental properties of magnetospheric
physics that have recently become a subject of heated debate.
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Figure 1: Magnetic ﬁeld component centroids produced by 5-way k-means split (left) and 7-way
split by Kohonen neural network (right; non-populated clusters omitted). These plots illustrate
ﬁelds measured by MESSENGER for 200 minutes around the periapsis. The middle of the
X-axis corresponds to the periapsis of the spacecraft's orbit.
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